I. INTRODUCTION
There is continuing interest in the Rydberg spectra of diatomic rare-gas hydrides, also called Rydberg molecules. 1 With a single electron outside a stable closed shell core, these systems have repulsive ground electronic states with only shallow van der Waals minima and stacks of bound Rydberg states. 2 The first such spectra were observed in 1970 by Johns for ArH and ArD. 3 In 1985 a spectrum of bound HeH was reported 4 and following that a great deal of experimental work on the Rydberg spectra of the rare gashydrides has appeared. Bound-bound as well as boundrepulsive spectra have been obtained for all RgH systems ͑with RgϭHe, Ne, Ar, Kr and Xe͒ and detailed analyses of Rydberg spectra of HeH ͑Ref. 5͒ and also of the larger systems, ArH, KrH and XeH ͑Ref. 6, and references therein͒ have been reported. The situation regarding NeH is different. Bound-repulsive spectra of NeH were observed in 1987 ͑Ref. 7͒ and there have been some further studies of the dissociative decay of excited states of NeH and NeD. [8] [9] [10] However, bound-bound spectra of NeH have not been analyzed, although some bands have been observed and reported in 1986 and 1988, 11, 12 where however, the low intensity of the spectra did not allow their further analysis. Since then there have been no other reports of discrete spectra of NeH, despite all the activity regarding the rare gas hydrides. In terms of theoretical calculations, the electronic states of NeH have been treated in an early study, 2 along with HeH and ArH and in subsequent work, [13] [14] [15] [16] providing information on the potential energy curves of the lower lying states ͑up to 3p͒, vertical energies and radiative lifetimes ͑for states up to 3d͒ and predissociation lifetimes of the A 2 ⌺ ϩ and C 2 ⌺ ϩ states in NeH and the A 2 ⌺ ϩ state in NeD. In general, it appears that predissociation is not as important in NeH and NeD as it is in the He and Ar analogs 14, 15 where the A 2 ⌺ ϩ states have lifetimes of only a few ps. Secondly, it was found that predissociation of the A 2 ⌺ ϩ state in NeD was strongly suppressed, compared to NeH, and this result, which is consistent with experimental observations, 8 has been explained in terms of overlap integrals and expectation values of the derivatives of the vibrational functions with respect to the internuclear distance R. 8, 17 In the present work, a further theoretical effort on the structure of NeH is reported, which might aid future experimental studies on the Rydberg spectra of this system. In particular, ab initio potential energy curves which have been calculated for the Rydberg states up to 3d and the ground state of the cation, NeH ϩ , have been employed for the calculation of quantum defect functions which may in turn be employed for the generation of the potential energy curves and vibrational levels of all the higher n, s, p and d Rydberg states. Secondly, the predissociation of the 2s and 2p (A 2 ⌺ ϩ , C 2 ⌺ ϩ , and B 2 ⌸͒ states is investigated by a recently developed multi-state complex scaling procedure, 18, 19 where the interactions between the 25 The configuration interaction ͑CI͒ spaces were generated by all single and double excitations with respect to reference spaces consisting of 22 configurations for the 2 A 1 ͑ 2 ⌺ ϩ and 2 ⌬͒ states, 13 configurations for the 2 B 1 ( 2 ⌸) states and 43 configurations for the ionic states. Selection of configurations for the actual diagonalization with respect to 7, 4 and 2 roots respectively and energy threshold of 2.5 microhartree was carried out. Extrapolation to zero threshold and full-Cl correction 26 was applied to the eigenvalues.
The MRDCI calculations were carried out for different values of the internuclear distance R, varying from 1.2 bohr to 100.0 bohr. At each value of R, along with the energy, the rotational-electronic coupling between the 2 A 1 and the 2 B 1 states has been also calculated. Thus the computed matrix elements need to be multiplied by ͱ 2 for the corresponding ⌺-⌸ and by 2 for the ⌸-⌬ interactions.
B. Quantum defect calculations
The potential energy curves V inl (R) of the l Rydberg states converging on the positive ion potential V i ϩ (R) are related to the quantum defect function il (R),
where R y is the Rydberg constant and R is the internuclear distance. Equation ͑1͒ is used below to determine the quantum defect functions from the ab initio potentials. The label l is symbolic because the Born-Oppenheimer quantum defects belong to l-mixed states. Such l-mixing is represented by off-diagonal quantum defects in a full multichannel quantum defect calculation. [27] [28] [29] [30] [31] [32] [33] In the present work single-channel quantum defect analysis is carried out for the generation of the potential energy curves and vibrational levels of all the higher n Rydberg states of NeH.
Instead of the quantum defects il (R) of Eq. ͑1͒, it is more convenient to work with il (R) which are determined
͑4͒
and E(R) represents the energies of the Rydberg states. The factor ͓A l i ( i (R))͔ Ϫ1 serves to eliminate solutions with l i
Ͻn i .
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Equation ͑2͒ is employed first, with the ab initio potentials substituted for E(R), for the determination of the quantum defects. The higher Rydberg states are calculated subsequently by introducing the calculated quantum defect functions in Eq. ͑2͒ and varying E(R) to find those energies which satisfy the equation.
In general, there is some energy dependence in the quantum defects calculated as above and this may be incorporated in the il (R) functions and the subsequent calculation of higher Rydberg states.
The quantum defect functions may be used to calculate the vibrational levels of different electronic states. 31 A vibrational K matrix is constructed,
where ͉ ϩ ͘ are vibrational functions of the positive ion. The vibrational levels of the Rydberg states are obtained by finding the energy levels E for which
where tan v ϩ (E) is a diagonal matrix such that
. ͑7͒
C. Multi-state vibrational calculations involving complex scaling of the internuclear coordinate
The transformation of the nuclear coordinate R→ ϭRe i with real, allows the calculation of energies and widths of predissociation resonances in terms of square integrable functions by solution of a complex eigenvalue problem
͉HϪz͉ϭ0, ͑8͒
where z is the diagonal matrix of complex eigenvalues. [34] [35] [36] The resonances correspond to the eigenvalues z k which are stable with respect to and
with E k the energy position and ⌫ k the linewidth of the resonance.
The particular implementation of the theory in the present work involves simultaneous treatment of a number of interacting electronic states, namely the X 
and matrix elements over the nuclear energy operator and over the electronic potential energy functions and interactions are computed. In the evaluation of these matrix elements use is made of the back-rotation identity, which holds for square-integrable functions
where * is the complex conjugate of , corresponding to a complex rotation of R by Ϫ. In this manner, it is not required to perform a complex rotation on the potentials but only on the basis functions. The matrix elements of the nuclear kinetic energy operator over the ͑complex-rotated͒ basis functions y n of Eq. ͑3͒ can be evaluated analytically,
T nm ϭ0 otherwise.
The matrix elements over the electronic potentials are given by
where V(R) stands for an adiabatic electronic potential energy curve. The matrix elements ͑13͒ are evaluated numerically with the aid of a Gauss-Hermite quadrature procedure, following one further coordinate transformation, y ϭRͱa cos (2) . Spline interpolation between the ab initio energies is employed to generate additional points as required by the numerical procedure. Finally, it is convenient to avoid explicit computation of the factorials by defining functions
with the recurrence relations
In terms of these functions ͑14͒, the matrix elements ͑13͒ become,
Ϫy 2 e i tan 2y 2
͑16͒
Analogous expressions are obtained for the interaction matrix elements when the interaction involves rotationalelectronic coupling. In this case, V(R) of Eq. ͑13͒ stands for 
͑17͒
while for the second derivative interaction, Ϫ(1/2)B(R), the matrix elements are analogous to those in Eq. ͑13͒. In the above, A(R) and B(R) stand for the matrix elements of the first and the second derivatives of the electronic wavefunctions evaluated at different values of R.
Once the required matrix elements are evaluated Eq. ͑8͒ is set up and solved for a given basis set at different values of and the stable eigenvalues z k correspond to the required resonances. Convergence with respect to the basis set size is sought. In the present calculations, different-sized basis sets have been employed, ranging from 90 to 300 functions per electronic state. It was found that convergence was reached with 120 functions per state, with stabilization for rotation angles up to 10°. The results presented in the next section have been obtained with a basis set of 200 functions.
The predissociation lifetime in seconds is obtained from the linewidth ⌫ in atomic units,
III. RESULTS AND DISCUSSION

A. Ab initio calculations
The ab initio energies for the ground and Rydberg states of NeH and the ground state of NeH ϩ are listed in Table I . A plot of the calculated potential energy curves is given in Fig.  1 38 The calculated energies for states of NeH ͑cf. Table I͒ are lower than those previously calculated but in terms of transition energies the results for the first three states are very close to the previous calculations, 2,13 within 0.01 eV. At the dissociation limits, the transition energies correspond to atomic hydrogen excitation energies. The calculated energies at 100.0 bohr ͑cf. Table I͒ yield excitation energies only 105Ϯ40 cm Ϫ1 above the relevant H atom limits. Similarly the ionization energy at 100 bohr is 280 cm Ϫ1 lower than the hydrogen atom ionization potential. It is not possible to make a corresponding comparison of the molecular excitation energies, in the absence of the appropriate experimental data. It is expected that the errors in the theoretical molecular transition energies shall not exceed the above discrepancies occuring in the atomic transition energies. .0 bohr, the l-mixing occurs mostly at the SCF level. Since the SCF coefficients are over non-orthonormal basis functions, they cannot be used directly. One way to obtain an estimate of the l-mixing in this case would be to carry out a transformation of the adiabatic states into pure-l diabatic states. Such a transformation is beyond the scope of the present work.
R(a.u.) X
2 ⌺ ϩ A 2 ⌺ ϩ (2s) C 2 ⌺ ϩ (2p) D 2 ⌺ ϩ (3d) 5 2 ⌺ ϩ (3s) 6 2 ⌺ ϩ (3p) 1 2 ⌬(3d) B 2 ⌸(2p) E 2 ⌸(3p) 3 2 ⌸(3p) X 1 ⌺ ϩ 1.
B. Quantum defect calculations
The ab initio energies at different R have been employed for the calculation of quantum defects as described in the previous section. At this point the potential energy curve of the cation is shifted uniformly by 0.001 030 hartree in order to eliminate the error in the theoretical ionization potential.
The quantum defects obtained at different values of R, from 1.2 to 6.0 bohr, are expressed in terms of a polynomial of fourth order,
The resulting expansion coefficients are given in Table  II , while a plot of the corresponding quantum defect functions is given in Fig. 2 . Where possible, both the nϭ2 and nϭ3 quantum defects are given.
The above quantum defects for the 2s (A 2 ⌺ ϩ ), 2p (C 2 ⌺, B 2 ⌸͒ and 3d ͑D 2 ⌺ ϩ , E 2 ⌸ and 1 2 ⌬͒ Rydberg states have been employed for the calculation of the electronic energies E(R) for higher n Rydberg states and the resulting potentials are shown in Figs. 3 and 4 , where for the 2 
⌺
ϩ states the 2s-3s energy dependence and for the 2 ⌸ the 2 p-3p energy dependence has been incorporated in the quantum defects in a linear manner. Where available, the ab initio energies have been included as solid circles on the plots, for comparison. The good agreement between the ab initio data and the potentials obtained from the quantum defects is encouraging, in view of the single-channel approach adopted in the present work.
In order to aid in the assignment of Rydberg spectra of NeH and NeD vibrational levels of the Rydberg states have been calculated with the aid of the above quantum defect functions ͓cf. Eq. ͑19͒ and Table II͔ and in Table III , the v ϭ0 level of several Rydberg states with principal quantum number n up to 10 have been given. For the nϭ2, s and p and the nϭ3, d states the vϭ0 levels calculated from the ab initio potentials directly are also given in brackets. As shown, there exist only slight differences between the ab initio levels and those obtained from the above expansion for the quantum defects. Further vibrational levels for Rydberg states of NeH ͑or NeD͒ may be produced with the aid of Eq. ͑6͒ and the present quantum defect functions, should a need for such data arise.
C. Complex scaling calculations
The results of the multi-state vibrational calculations on the 
rized in Tables IV and V for NeH and NeD, respectively, in terms of energies, the squares of coefficients for the above three excited states, half-widths and the corresponding predissociation lifetimes of the resonances for rotational levels Nϭ1 and Nϭ10. As shown in Tables IV and V , there is some mixing of the levels of the A 2 ⌺ ϩ and C 2 ⌺ ϩ states and there is also interaction with the levels of the B 2 ⌸ state for high rotational levels ͑cf. results for Nϭ10͒. Predissociation is significant in NeH, especially for the levels of the A 2 ⌺ ϩ state, where it is faster than radiative dissociation 14 by a factor of 15 for vϭ0 and about 50 for higher vibrational levels. Similarly, predissociation is important for the levels of the C 2 ⌺ ϩ in NeH, with lifetimes slightly longer than radiative dissociation ͑e.g. by a factor of 4 for vϭ0͒. Predissociation is not significant for the levels of the B 2 ⌸ state in NeH for Nϭ1 while for Nϭ10 it gains some importance and for vу1 levels ͑of the B 2 ⌸ ϩ component͒ it becomes comparable to radiative dissociation. 14 The calculated widths in NeD ͑cf. Table V͒ are generally smaller than those in NeH. In particular for the levels of the A 2 ⌺ ϩ state there is strong suppression of predissociation in NeD compared to NeH, in agreement with previous calculations and experimental findings, with a ratio ⌫ NeH /⌫ NeD ϭ177 for vϭ0 (Nϭ1). This is comparable to the Fermi Golden Rule ratio of 120 and the overlap ratio of 140 for vϭ0, Nϭ0. 17 Such a strong isotope effect is not found for the levels of the C 2 ⌺ ϩ state, except for the vϭ3 Nϭ1 level, while for the B 2 ⌸ state a strong isotope effect is found for vibrational levels higher than vϭ2. As illustrated elsewhere, 17 such isotope effects in the rare gas hydrides may be attributed to differences in the overlap and d/dR integrals over the vibrational wavefunctions. Thus in NeD radiative transitions are more probable than predissociation and even in NeH where predissociation is more significant, the predissociation rates are not such that would preclude the observation of radiative transitions.
The present calculations do not support the formation of ''p(⌺,⌸)'' complex in NeH and in NeD since even for N However, since such calculations are very sensitive to the energy difference between the levels of the interacting states, the latter conclusions might be altered if the actual relative energies of the Rydberg states are far from the present theoretical predictions.
IV. CONCLUSION
In the present work, a theoretical study of the Rydberg states of NeH has been presented in an effort to aid future experimental work on the Rydberg spectra of this system. Ab initio calculations supplemented by quantum defect calculations have been employed for the generation of quantum defect functions, potential energy curves and vibrational levels of s, p, and d 
